A bacterium, strain PC-07, previously isolated as part of a coculture capable of growing on p-cresol under anaerobic conditions with nitrate as the acceptor was identified as an Achromobacter sp. The first enzyme of the pathway, p-cresol methylhydroxylase, which converts its substrate into p-hydroxybenzyl alcohol, was purified.
Several recent reports have described the bacterial degradation ofp-cresol under anaerobic conditions with nitrate or sulfate as the electron acceptor or degradation by methanogenic consortia (1, 20, 21) . Catabolism appears to proceed by oxidation of the methyl group to give p-hydroxybenzoic acid with p-hydroxybenzyl alcohol and p-hydroxybenzaldehyde as intermediates. The two later steps can be catalyzed by alcohol and aldehyde dehydrogenases, but the initial step involves hydroxylation, a process that in biological systems often involves molecular oxygen, and this raises the question as to how this step might be achieved under the anaerobic conditions described above. One answer to this is the p-cresol methylhydroxylase (PCMH) that has been isolated from aerobically grown Pseudomonas putida, which is thought to act by dehydrogenation of the substrate to give a quinone methide that is then hydrated (6, 7) . The enzyme is a flavocytochrome c consisting of two flavoprotein subunits, each of Mr 49,000, and two cytochrome c subunits, each of Mr 8, 800 . The flavin is covalently bound to the protein through a tyrosine residue (13) .
In a bacterial consortium isolated under anaerobic conditions with nitrate as the acceptor, one of the two organisms, PC-07, was shown to convert p-cresol into p-hydroxybenzoic acid with the concomitant reduction of nitrate (1, 3) . Partial purification of the enzyme suggested that it was of a type similar to that from the Pseudomonas sp., containing flavin and cytochrome, although this description was considered preliminary until spectra of the purified enzyme were obtained (2) . This is now confirmed here by the complete purification of the enzyme and characterization of its subunit structure.
MATERIALS AND METHODS
Growth of organism. The organism was grown with 2.8 mM p-cresol as the carbon source in the medium described by Bossert et al. (1) . Bacteria were grown in 11-liter batches in a New Brunswick Microferm MF-114 fermentor maintained at 30°C, aerated at 4 liters min-', and stirred at 150 rpm. Although the organism was grown aerobically here to allow use of p-cresol as the sole carbon source (anaerobi-* Corresponding author.
cally, this organism is only able to oxidize p-cresol to 4-hydroxybenzoate), Bossert et al. (2) showed that whether the organism was grown aerobically or anaerobically, the partially purified enzyme had the same elution profile during purification and an identical substrate range and Km. The bacteria were harvested by using an Alpha Laval LAB 102B continuous flow centrifuge, giving a very loose pellet which was stored at -20°C.
Enzyme purification. Frozen cells (209 g) were thawed in 100 ml of 21 mM sodium-potassium phosphate buffer (pH 7.0), and the cells were broken by sonic disintegration for a total of 3 min in 30-s bursts. Centrifugation of the extract at 20,000 x g for 30 min at 4°C gave a very loose pellet, difficult to separate from the supernatant solution. To clear the extract, it was necessary to centrifuge at 140,000 x g (average) for 4 h. The pellet was washed by resuspension in 100 ml of buffer and centrifuging as before. The supernatant solutions were combined to give the crude extract.
The crude extract was loaded onto a DEAE-cellulose column (10 by 5-cm diameter) equilibrated with 21 mM sodium-potassium phosphate buffer (pH 7.0). The column was washed with 200 ml of this buffer and then with a linear gradient of 0 to 0.45 M KCI in 2 liters of the same buffer. Fractions of 11 ml were collected.
Enzyme-containing fractions (111 to 137) were pooled and concentrated by pressure filtration to 7 ml. This was loaded onto a Sephacryl S200 column (84 by 2.5-cm diameter) and eluted with 0.1 M sodium-potassium phosphate buffer (pH 7.0). Fractions of 4.8 ml were collected.
Fractions 44 to 49 were pooled, dialyzed against 20 mM sodium-potassium phosphate buffer (pH 7.0), and loaded onto a column of hydroxyapatite (3 by 2.5-cm diameter). Protein was eluted with a linear gradient of 20 to 420 mM sodium-potassium phosphate buffer (pH 7.1) in 150 ml. Fractions of 2.5 ml were collected.
Fractions 16 to 20 were pooled, and ammonium sulfate was added to 25% saturation. The solution was loaded onto a phenyl-Sepharose column (4 by 2.5-cm diameter), and protein was eluted with a decreasing gradient from 25 to 0% ammonium sulfate in 200 ml of 10 mM sodium-potassium phosphate buffer (pH 7.1). This did not elute the enzyme, and further elution with a decreasing gradient of 10 to 2 mM sodium-potassium buffer (pH 7.1) in 60 ml was used. Frac-tions of 3.5 ml were collected, and the enzyme eluted with a peak at fraction 65.
Further purification of fractions 63 to 67 was by fast protein liquid chromatography (FPLC). The enzyme was injected in 2-ml portions onto a Mono Q (HR 5/5) column (Pharmacia, Milton Keynes, Buckinghamshire, United Kingdom). It was eluted by applying a gradient of 0 to 0.3 M KCI in 3 ml of 20 mM Tris hydrochloride buffer (pH 7.5) and then 0.3 to 0.6 M KCl in 17 ml of buffer at a flow rate of 1 ml/min.
Enzyme assay. The enzyme was assayed as described by McIntire et al. (14) with phenazine methosulfate as the electron acceptor, which in turn reduced 2,6-dichlorophenolindophenol. The reaction was monitored by observing the decrease in A6. resulting from reduction of the 2,6-dichlorophenol-indophenol. For assay of crude extract, 1.0 mM KCN was included in the reaction mixture to inhibit the reoxidation of phenazine methosulfate by membrane components. One unit of enzyme activity is equivalent to oxidation of 1 ,umol of p-cresol min-' at 25°C.
Protein assays. Protein was determined by the biuret method or by the tannic acid turbidometric method of Mejbaum-Katzenellenbogen and Dobryszycka (16) . In both cases, bovine serum albumin was used as the standard. The eluent from columns was monitored for protein by determining the A280.
Electrophoresis. The subunit structure of the enzyme was studied by electrophoresis on polyacrylamide slab gels in the presence of sodium dodecyl sulfate (SDS) by the procedure of Laemmli (11) . Isoelectric focusing was performed on thin-layer 5% polyacrylamide gels either with Ampholines in the pH range 3.5 to 10.0 or with a pH gradient set up with small-molecule buffer salts as described by Nguyen and Chrambach (18) .
Measurement of redox potential. The procedure of Dutton (5) was used for determination of the midpoint potential of the cytochrome in the enzyme. Sufficient enzyme to give a change of about 0.05 A551 units between fully oxidized and fully reduced forms in 10 mM sodium-potassium phosphate buffer (pH 7.0) containing 0.15 mM each of the mediators, diaminodurane, phenazine ethosulfate, and phenazine methosulfate, was titrated with Na2S206 and K3Fe(CN)6 in a stirred anaerobic cuvette. Anaerobic conditions were maintained by a flow of argon gas purged of 02 by passage through Fieser solution. The change in A551 relative to an isosbestic point at 536 nm was monitored with a PerkinElmer model 356 dual-wavelength spectrophotometer, and the potential in the cuvette was measured relative to a standard calomel electrode. The volumes of titrants used were too small for the volume change to have a significant effect on absorbance.
Analytical ultracentrifugation. A Beckman Spinco model E analytical ultracentrifuge equipped with Rayleigh interference optics was used for determination of Mr. Sedimentation-equilibrium experiments were conducted by using the short-column meniscus-depletion method of Yphantis (23) and were performed at 19,160 rpm for 24 h at an initial protein concentration of 0.5 mg/ml. A value of 0.725 cm/g was assumed for the partial specific volume for the protein.
Kinetics. A full two-substrate steady-state kinetic analysis was done by using the assay described above with the phenazine methosulfate concentration varied between 0.7 and 2.25 mM and the p-cresol concentration varied between 0.008 and 1.22 mM. For each assay, 7.7 pmol of enzyme was used. The data were analyzed to obtain Vmax and Km values by using the computer program Enzfitter (12). 
RESULTS
Identification of bacterium. The bacterium, strain PC-07, is a strongly cytochrome c oxidase-positive gram-negative rod with sparse lateral flagellation and shows slow tumbling motility in liquid media. Its properties in a range of standard cytological and biochemical tests, including the ability to reduce nitrate, were in agreement with the genus description of Achromobacter as given in Bergey's Manual ofDeterminative Bacteriology (4) and corresponded particularly closely with that of Achromobacter cycloclastes Gray and Thornton 1928, a ring breaker isolated from soil.
Purification of enzyme. The details of the purification of PCMH from PC-07 grown on p-cresol are summarized in Table 1 . The apparent increase in activity after the first step probably reflects incomplete inhibition by cyanide of systems in crude extract competing for the reoxidation of phenazine methosulfate or oxidizing 2,6-dichlorophenol-indophenol. When the purified enzyme was examined by electrophoresis on gels under nondenaturing conditions, it gave a pattern similar to that for some of the PCMHs from pseudomonads in that there was one major band and close to it a couple of minor bands, both active, which probably represent enzyme minus one or both of its cytochrome subunits.
Spectrum of enzyme. The UV-visible-light spectrum of the enzyme is shown in Fig. 1 . This confirms the suggestion of Bossert et al. (2) from the oxidized-reduced difference spectrum of the partially purified enzyme that it contained heme and flavin moieties. The ratio of 0.9 of the peak at 275 nm to that at 416 nm for the reduced enzyme is slightly lower than that for the similar enzyme from P. putida NCIB 9869. This ratio can be used as an indicator of purity during purification of the enzyme.
A ratio of two cytochromes per molecule of holoenzyme was calculated from the A412 of the oxidized enzyme and also from the A.52 for the reduced enzyme, using the absorbance coefficients for PCMH from P. putida (14) . These results are consistent with an enzyme having two large subunits, probably flavin-containing, and two small cytochrome subunits. The subunits of some of the PCMHs from the pseudomonads can be prepared separately by preparative isoelectric focusing (10); this is a useful method to demonstrate the flavoprotein nature of the enzyme because a spectrum free of the cytochrome can be obtained. This was not possible with the enzyme from PC-07, however, because this enzyme gave a single band with a pI of 4.3 on isoelectric focusing. An attempt was made to separate the subunits by the method used for the flavocytochrome c552 from Chromatium vinosum (17) . Enzyme was incubated with 8 M urea for 12 h, and this was followed by gel filtration by FPLC on a Superose 12 column. This was only partly successful, giving pure cytochrome subunit (Fig. 2a) but leaving the other subunit still contaminated with cytochrome. However, incubation of the cytochrome-depleted enzyme from this treatment with 1% SDS-1% mercaptoethanol at 100°C for 2 min, again followed by gel filtration, gave a subunit free of cytochrome with a spectrum typical for a flavoprotein (Fig. 2b) .
Redox potential of cytochrome. The midpoint potential of the cytochrome in the holoenzyme was determined by a potentiometric titration. Oxidative and reductive titrations both gave a value of +232 mV for the midpoint redox potential and were consistent with a single-electron transfer.
Steady-state kinetics. A two-substrate steady-state kinetic analysis of the enzyme was performed with phenazine methosulfate as the electron acceptor. The enzyme was inhibited at acceptor concentrations above 3 mM, and the primary plots of reciprocals of rates against reciprocals of acceptor concentration at various fixed concentrations of p-cresol gave parallel lines. The Km for p-cresol was 21 ,uM and that for phenazine methosulfate was 1.7 mM. The kcat value was 112 s-1. 
DISCUSSION
These results extend the findings of Bossert et al. (2) on the nature of the PCMH in the anaerobically isolated organism, here identified as an Achromobacter sp. All but one of the PCMHs that have been purified have been from pseudomonads, the exception being that from an Alcaligenes sp. (9) . These strains were all isolated aerobically, and thus it was of interest to characterize the enzyme from an organism isolated from an anaerobic environment and of a different genus to compare it with those previously described. Purification proved more difficult than for the Pseudomonas enzymes, and extra steps had to be incorporated to give pure enzyme. However, the final preparation represented at 600-fold purification, a considerable improvement on the partially purified preparation reported previously (2) .
The suggestion that the enzyme is a flavocytochrome (2) was confirmed from its spectrum and the spectra of the subunits. The spectrum of the holoenzyme is typical of those for other flavocytochrome c's, including the PCMHs and the flavocytochrome c552, which functions as a sulfide:cy-tochrome c oxidoreductase, from C. vinosum (17) . The presence of separate cytochrome and flavin subunits could be inferred from the colored bands corresponding to different Mrs on SDS-PAGE. However, unlike for some of the PCMHs, these could not be separated by isoelectric focusing. This presumably reflects a similarity in the pIs of the two subunits but is not unique within this class of enzyme, as it is also found for one of the PCMHs from P. putida NCIB 9869 and also the flavocytochrome 4-ethylphenol methylenehydroxylase (19) , neither of which can be resolved by isoelectric focusing. The retention of the flavin through the various treatments and the hypsochromic shift of the 375-nm peak of flavin adenine dinucleotide to 354 nm (Fig. 2b) suggests that, as in the other PCMHs, the flavin is covalently attached.
The Mrs of the enzyme and of the subunits are consistent with a protein of two large flavoprotein subunits and two smaller cytochrome subunits. In this respect, the enzyme is similar to other PCMHs, although slightly larger than most (9) . The midpoint redox potential of +232 mV also lies within the range of those reported for the PCMHs from pseudomonads, which range from +226 mV to +250 mV (8) . The pattern of the steady-state kinetics and inhibition by a high concentration of phenazine methosulfate, the electron acceptor in the assay, were also similar to those reported for PCMH A from P. putida NCIB 9869. The Kms for p-cresol and phenazine methosulfate of 21 ,uM and 1.7 mM, respectively, with a kcat of 112 s-1 compare with those for the Pseudomonas enzyme of 14.3 ,uM for p-cresol, 4.48 mM for phenazine methosulfate, and 125 s-1 for the kcat (15) .
Thus, the enzyme from this organism, an Achromobacter sp., isolated anaerobically, is similar in most respects to those purified from pseudomonads. The oxidation of p-cresol to 4-hydroxybenzoic acid by denitrifying pseudomonads has also recently been reported (22) , and these organisms may well use a similar enzyme. The ability of this enzyme to hydroxylate anaerobically depends on the intermediate formation of a quinone methide and this in turn requires the correct orientation of the hydroxy and methyl groups in the aromatic ring. Roberts et al. (20) showed a difference in the fates of the methyl carbons of m-and p-cresols in methanogenic consortia, with that from p-cresol being lost as C02, implying an oxidation to carboxyl. This and the evidence for oxidation of p-cresol to 4-hydroxybenzoate under sulfate-reducing conditions (21) suggest that enzymes similar to the one described here are important for the degradation of p-cresol in other anaerobic systems.
